The industrial based prediction in sheet metal forming bases still on the Forming Limit Diagrams (FLD) as formally proposed by Goodwin [1] . The FLD are commonly specified by the Nakajima tests and evaluated with the so called cross section method. Although widely used, the FLC concept has numerous serious limitations. In the paper the possibilities for a specific prediction of crack limits based on an extended FLC concept (X-FLC) will be discussed. The new concept demonstrates that the Nakajima tests are not only appropriate for the evaluation of the necking instability but for the detection of the real crack strains too. For the evaluation of the crack strains a local thinning method as proposed by Gorji et al. [3] is applied and tested for special 6xxx and 5xxx Al-alloys as well as for the corresponding multilayer FUSION material.
Introduction
In the sheet metal forming beside the limits induced by flow instability which results in localized necking also crack phenomena occurs.
Various crack types can occur e.g. cracks induced by hemming, by small die curvature radii, edge cracks as well as shear cracks (s. Figure 1 ). The corresponding strains are usually considerably higher than the instability limits predicted by FLC's and need another theoretical approach.
In the sheet metal forming there have been different approaches e.g. [7] and [8] to specify the corresponding strain limits by additional curves in the FLC diagrams. Another approach was initiated by Wierzbicki [2] and his co-authors Bai and Bao who introduced extended Johnson-Cook models with the additional influence of the Lode-Parameter L (s. Figure 2 ). In this way the strain limits will be defined in dependency of stress parameters = / and = instead in dependency of strains as used in the FLC-concept.
Figure 2.
Characteristic shape of a triaxiality diagram [2] .
Concerning the difficulties in the application of the triaxiality method two aspects have to be mentioned: the evaluation of different stress stats requires very complex specimens (s. Figure 3 ), which cannot be fabricated of thin sheet materials and due to the fact, that the stress-ratio changes during the experiment the parameters are path dependent and will be used in the diagram only as average values. This aspect was more deeply discussed by Gorji [4] . Because of the mentioned weaknesses of the triaxility experiments the industrial oriented fracture tests are based typically on a bending test and on a hole expansion test, see Figure 4 . The presented contribution shows a generalized crack prediction concept based only on Nakajima tests in combination with a special deep drawing test. The so detected experimental data will be approximated based on 4 different crack criterions, highlighting the newly introduced linear fracture line by Gorji et al. [5] .
In addition to mono-layer materials also a multi-layer material, FUSION TM [Novelis], has been investigated, see Figure 5 . It is composed of a soft AA5005 alloy outside (clad) and a hard AA6016 alloy inside (core). The layer specific failure prediction is indispensable for multi-layer materials with strongly different behavior of the layers, as will be shown in chapter 5. Table 1 and Table 2 . Figure 5 right shows that both materials, core and FUSION, have practically the same yield curve, whereas the yield curve of the clad material is much lower. The crack-prediction method -linear fracture line -will be demonstrated in an application on a part called "triangle test" with a very small curvature radius of 3 mm for two different materials: in Figure 18 for a mono-layer AA6016 material and in Figure  21 for the multi-layer Al sheet FUSION.
Material data
In the framework of this investigation both materials, AA6016 and in combination with the FUSION AA5005 as clad, have been used. The specific material models are given below.
Uniaxial tensile tests and the hydraulic bulge tests were performed to determine the yield curves. The well-known Hockett-Sherby approximation has been used for the description of the core material AA6016 and FUSION AF200
whereas for the clad material AA5005 a combined approach of Ghosh and Hockett-Sherby showed better approximation
The parameters of the models are given in Table 1 . Further, parameters of the YLD-2000 yield loci are given in Table 2 : The X-FLC applies a FLC as well as the crack failure data, as shown in Figure 6 and 
The same procedure is applied also for the clad material AA5005 shown in Figure 7 .
The fracture strains for the clad material (AA5005) are approximated with the following linear model
The fracture strains of the clad material AA5005 are much higher than those of the core AA6016, as shown in Figure 7 and Figure 6 , respectively.
Limitations of standard FLC prediction methods
The standard FLC evaluation methods bases on Nakajima tests which use spherical punches with diameter of 100.0 mm. For sheet thicknesses of 1.0 mm the bending influence is then negligible. For those reasons the FLC describes only the necking behaviour for practically flat sheets. If the t/r ratio (sheet thickness to radius ratio) becomes significant, the FLC will be transformed to higher values. A more detailed discussion about the influence of the curvature on the FLC can be found in Hora et al. [6] .
Influence of bending effects on deep drawing behaviour
How significant the bending influence is, can be demonstrated by following example. Figure 8 shows a deep drawing example with a die radius of r=3.0 mm for the material AA6016. The cracks in the region of the die curvature will be often identified as "shear cracks". An investigation done by Gorji [4] with different square blanks and different blank holder forces demonstrated, that dependent on the selected parameter combination the localized necking occurs as classical bottom neck or as a upper radius crack, see Figure 9 . By increasing the die radius to r=5.0 mm the upper crack disappears. In Figure 9 the parameter represents the ratio between edge length of the squared blank and the punch diameter. Figure 9 . Formability diagram of AA6016 sheet sample, Gorji [4] . Figure 8 demonstrates that a FEM simulation based on shell elements and classical FLC is not able to predict this influence correctly. In contrast to the specimens shown in Figure 3 the goal was to use the established "standard" sheet tests. For this reason, the authors proposed the combination of two methods -the Nakajima tests combined with an additional cup drawing test for detecting the behaviour for 0.5 β < − .
Experimental detection of crack limits for sheets

Experimental detection of crack limits based on Nakajima tests
The first method evaluates the crack strain based on the thinning strains ("Thinning Method") measured on the fractured Nakajima specimens, see Figure 10 . The detailed evaluation procedure is given in [4] and [5] . Figure 10 . Evaluation of the fracture strain by the local detection of fracture thinning on the Nakajima specimens. Gorji [3] , [4] . 
Experimental detection of crack limits based on Deep Drawing tests
The Nakajima based test are restricted to the stress range In many deep drawing applications, the largest strains occur on the left side of the FLC. For those reasons a special DD test with a quadratic blank and a relatively small die curvature of r=3.0 mm was applied to get an additional "point" specifically in the deep drawing (compression-tension combination) range. The evaluation of the strains is based on the comparison of the real part (height and draw in at fracture) with the FEM simulation, Figure 12 . As critical fracture strain, the strain on the surface of the sheet (top layer of the shell), was defined. The combination of the Nakajima fracture strains with the additional DD fracture strains can be used as data base for the determination of a generalized fracture line.
Extrapolation and interpolation of the fracture points based on different failure criteria
The experimentally predefined strain has been compared with the theoretical limits of different failure criteria. The check was especially done applying following 4 different criterions:
• Maximum shear stress criterion • Equivalent strain criterion • Johnson-Cook criterion and • Linear fracture line criterion Figure 13 shows the results of the theoretical fitted failure curves with the experimental points, which were determined from the Nakajima experiments shown in Figure 10 . Given that the fracture strains in the principal strain space show practically a linear distribution (Figure 13 left) , it is reasonable to use a linear model for the description of the fracture behaviour. Moreover, a stable behaviour of the model is ensured, as there is no rapid change in the description of the fracture behaviour, see (Figure 13 left) .
Remarkable is the fact, that all criterions fit the position of the measures points quite well, but that the criterions deviate significantly in the left "deep drawing" range. Especially this range influences strongly the virtual results for deep drawing operations.
Figure 13.
Comparison of different fracture criteria in principal strain space and in triaxialityequivalent strain space, [4] .
As will be demonstrated in chapter 5 the "linear fracture line" describes the behaviour in the most accurate way and delivers for real applications the best fits with the real behaviour. The JC-criterion will deliver only slightly different results.
FE-Implementation of the X-FLC concept for monolayer and multilayer materials
Layer based failure prediction with shell elements
The classical failure predictions bases on a mono-layer FLC prediction. If the fracture is initiated by a surface crack, as it is the case by small bending radii, an extended X-FLC method has to be applied, see Figure 14 . The crack develops and initiates only when the critical layer reached the crack limit. Points above the FLC will then be interpreted as conditional stable (this corresponds to the real physical behaviour!) and not as usually assumed as failed by cracks. The FEM-implementation was done in that way, that the crack failure was checked specifically for each layer. If a critical strain was detected, the specific shell layer was deactivated by setting the stresses to zero. In the LS-Dyna code the implementation was done by the subroutine UMAT41. The *PART COMPOSITE functionality of FE-code LS-Dyna has been employed instead of the regular shell element. Based on this element formulation the mechanical properties and thickness distribution of each layer can be described separately. The implementation contains following main steps:
• computation of the principal strains from the strain tensor • comparison of the computed principal strains with the fracture line • if the computed strains are above the fracture line, then all stress components are set to zero
Validation tests
For the validation of the above implementation a new "triangle" test was designed. The tests have been done with the monolayer material AA6016 as well as with the FUSION material. Figure 15 demonstrates the significant change of the deep drawing behaviour for the both materials. The crack of the AA6016 material, in the die region, is induced by the small die radius of 3.0 mm. Due to the better bending behaviour of the FUSION material, the multilayer material does not fail. This special crack behaviour can be only understood on the base of an additional fracture consideration as introduced by the X-FLC concept.
Prediction of crack limits for parts with small die radii and a monolayer structure
The experimental behaviour of the monolayer material was demonstrated in Figure 15 . The rupture occurs at a depth of H ≈ 43 mm.
Before the application of the extended X-FLC method the classical FLC approach shall be discussed. (1) FLC (2) FLC (3) HFLC1 = 22 mm mm HFLC2=41 mm HFLC3=45 mm influences strongly the "classical" FLC-prediction of the critical state. In this sense the use of the Nakajima B20 specimen (method 1) is misleading, if extrapolation on the left side of the FLC is needed. The reason may be the stress boundary condition in the case of the B20 specimen instead of the strain BC in the real DD case. To avoid this uncertainty, the shape of the FLC on the left side should be checked by additional cup drawing test as showed for example in Figure 12 . But even then the prediction of the critical depth is still not "robust" in a process control sense. The reason for the significant change of the forming behavior is not a shift of the FLC -which is more or less the same for the monolayer and FUSION-material -but the significant shift of the fracture strain for the clad material, as proven with the "thinning method" and showed in Figure 20 . where dots represent measured data based on thinning-method.
FE-model for multilayer composite materials
For the modelling of the multi-layer FUSION material, Figure 5 , eleven integration points (IPs) through the thickness of the composite shell elements have been employed. One IP for each clad outer layer with the thickness of 0.06 mm and nine IPs for the core with thickness of 0.0978 mm for each layer with a total core thickness of 0.88 mm. The integration points of the core and clad have their own material properties i.e., hardening curve, standard or modified Yld2000-2d yield function and fracture limit as specified in Figure 14 and Figure 20 . Figure 21 demonstrates, that based on the X-FLC concept, the "not failed" behavior of the FUSION material was again correctly predicted.
Conclusions
The contribution demonstrates on selected examples that the classical FLC prediction is not applicable if the parts have either small die radii or are composed by layers with different properties.
In this case -beside the FLC -a crack limit curve has to be specified too. For the detection of such critical strain the thinning method, evaluating the fracture strains on Nakajima specimens, have been used. The multi-layer failure identification was implemented into the explicit FEM code LS-Dyna. It was also shown that, in contrast to the monolayer material 6xxx, the presented FUSION material allows forming operations without failure even for small die radii.
